The crystal structure and the Yb valence of the YbFe 2 Ge 2 heavy fermion compound was measured at room temperature and under high pressures using high-pressure powder X-ray diffraction and X-ray absorption spectroscopy via both partial fluorescence yield and resonant inelastic X-ray emission techniques. The measurements are complemented by first-principles density functional theoretical calculations using the self-interaction corrected local spin density approximation investigating in particular the magnetic structure and the Yb valence. While the ThCr 2 Si 2 -type tetragonal (I4/mmm) structure is stable up to 53 GPa, the X-ray emission results show an increase of the Yb valence from v = 2.72(2) at ambient pressure to v = 2.93(3) at ∼9 GPa, where at low temperature a pressure-induced quantum critical state was reported.
INTRODUCTION
Solids containing elements from the rare earth series show interesting and unusual behavior associated with the versatility of the manifold of 4f electrons, including Kondo screening, heavy fermion, and intermediate valence behavior, sometimes with competing magnetism and superconductivity. 1−5 Prominent examples are CeT 2 M 2 and YbT 2 M 2 (where T denotes a transition metal ion and M denotes Si or Ge), 1 which may exhibit transitions from magnetic to heavy-fermion ground states as a function of pressure or magnetic field. If the magnetism is suppressed to T = 0 K by the application of such an external parameter, a quantum critical point appears (QCP), in which strong quantum fluctuations give rise to unusual, or non-Fermi, liquid temperature dependencies of the physical properties. Several competing low-energy scales are set by the rare earth valence fluctuation, the f to non-f hybridization, the crystal fields, the exchange interactions, and the spinfluctuations, all of which contribute to rich low-temperature phase diagrams. 1−5 YbFe 2 Ge 2 crystallizes in the body-centered tetragonal ThCr 2 Si 2 structure, which is common to many compounds in the rare earth "122 class". 6, 7 YbFe 2 Ge 2 has been identified as a moderate heavy fermion system at the border between the Kondo and the intermediate valence regime. 8 The susceptibility and specific heat measurements show a nonmagnetic Fermi liquid state. The structural parameters, the variable Yb valence, and the delicate complex interactions between the magnetic moments of the constituent elements lead to quantum criticality, and with pressure the Fermi liquid state is driven to a magnetically ordered state at the QCP at a critical pressure of 9 GPa. In contrast to the Ce-122 compounds, 9 the Neel temperature increases as a function of pressure, and antiferromagnetic ordering develops above the QCP. 8, 10 Electronic structure calculations of the non-f YFe 2 Ge 2 homologue have shown that the band structure and Fermi surfaces are three-dimensional with Stoner-type magnetism associated with the Fe layers. The most favorable structure consists of ferromagnetically ordered Fe layers, which are antiferromagnetically coupled along the c-axis. 11, 12 Experimentally, fluctuating local Fe moments have been identified from high-temperature susceptibility measurements. 13 The situation is similar for LuFe 2 Ge 2 . 14, 15 Even though the resistivity measurements on YbFe 2 Ge 2 reported earlier did not reveal any superconducting signature, 10 recently YFe 2 Ge 2 is reported to show Fermi liquid breakdown, which may be connected to the QCP. 16 Resistivity and direct-current diamagnetic screening suggest that YFe 2 Ge 2 superconducts below 1.8 K in the vicinity of the QCP. 16 To explore the origin of QCP, the interplay between crystal structure and valence as a function of pressure is important. We show that the Yb effective valence at room temperature is sensitive to pressure, with a value of v = 2.72(2) at ambient pressure, and approaches near trivalency, v = 2.93(3) at pressures above 9 GPa. However, the pressure− volume (PV) relation shows no peculiarities associated with the pressure-induced valence transition, which is in contrast to the case of YbMn 2 Ge 2 , where a similarthough more abrupt valence transition is seen in association with a distinct anomaly in the PV relation. 17 The present paper investigates the impact of the QCP, which has been observed in YbFe 2 Ge 2 at low temepratures, 8,10 on the crystal structure and effective Yb valence at room temperature as pressure is varied across the critical pressure (p c ) of 9 GPa. A combination of high-pressure X-ray diffraction (HPXRD), resonant X-ray emission spectroscopy (RXES), and X-ray absorption spectroscopy (XAS) in the partial fluorescence yield (PFY) mode are used, with pressures up to 53 GPa for the structural measurements and 20 GPa for the valence studies, respectively. In PFY-XAS scans the intensity of the emitted Yb Lα fluorescence was measured while scanning the energy of the primary beam. RXES has been applied to investigate a variety of Yb intermetallic and other heavy fermion compounds. 17−20 RXES enables the valence to be determined with incident photon energies being selected to enhance signals from different valence states. To further analyze the experiments electronic structure calculations have been performed for YbFe 2 Ge 2 using the self-interaction corrected local spin-density (SIC-LSD) method. 21, 22 This ab initio electronic structure method allows studying the pure divalent and trivalent states of Yb as well as an approximate model of the intermediate valence state. The ground state is then determined by use of the total energy. Previous applications of the SIC-LSD method for determining the Yb valence in intermetallic compounds may be found in the literature. 23−27 2. METHODOLOGY 2.1. Experiments. The YbFe 2 Ge 2 polycrystalline sample was prepared by induction melting the appropriate starting elements, which were in a graphite crucible in the ratio of Yb/Fe/Ge = 1.05:2:2 in an Ar-inert atmosphere, and was heated to ∼1100 ±50 C determined using an optical pyrometer and rapidly quenched. The sample was subsequently characterized by powder XRD, which showed a single phase formation for the sample with the ThCr 2 Si 2type tetragonal crystal structure (space group no. 139, I4/mmm). The finely ground powdered sample was introduced with a few ruby grains and Si fluid in a 150 μm diameter hole of a Be gasket and loaded to a panoramic-type diamond anvil cell for X-ray emission experiments. High-pressure X-ray emission experiments were performed at Sector 16 ID-D of the Advanced Photon Source by focusing the incident Xray beam to dimensions of 20 μm × 50 μm at the Yb L 3 absorption edge (8.944 keV) with an energy resolution of 1 eV. Both PFY and RXES spectra were collected up to 20 GPa. The pressure in the diamond cell was measured using the ruby fluorescence technique.
For the HPXRD experiments a symmetric-type diamond anvil cell was used. A dense piece cut from a pellet made from the fine powdered sample and a few ruby grains were introduced into a 135 μm hole of a rhenium gasket preindented to 50 μm. A Silicone fluid pressure medium was used, and the HPXRD experiments were performed up to 53 GPa at Sector 16 ID-B of the Advanced Photon Source in the angle dispersive geometry. The pressure in the diamond cell was determined using the ruby fluorescence technique as mentioned earlier. Diffraction images were collected using a MAR-345 imaging plate with an incident wavelength of λ = 0.4216 Å and integrated using the Fit2D software. 28 The sample-to-detector distance was calibrated using a CeO 2 sample spectrum. The integrated diffraction patterns were further analyzed using the JADE and Rietveld (RIETICA) packages. 29 2.2. Theoretical Calculations. The theoretical description of fluctuating valence systems is notoriously difficult using conventional LDA methods. 30 In the present work the electronic structure of YbFe 2 Ge 2 was calculated with the self-interaction corrected (SIC) local spin density (LSD) method, 21, 22, 31 similar to previous work on YbMn 2 Ge 2 . 20 In the SIC-LSD method the effective one-electron potential includes a correction for the spurious interaction of individual electrons with themselves. 22 This term favors the formation of spatially localized states as compared to extended Bloch waves and leads to a scheme for the calculation of cohesive properties of rareearth compounds. 22, 31 In applications to Yb compounds 25, 26 the SIC-LSD method may describe the pure trivalent and divalent configurations of Yb as well as an intermediate valence state, the latter through an approximate ansatz for the many-electron wave function. The computed total energy for each of these three cases determines the ground-state configuration. The divalent state is realized by applying the self-interaction correction to all 14 f-electrons of Yb, while the pure trivalent state is realized by applying the self-interaction to 13 f-electrons and prohibiting the 14th f-electron from being occupied by projecting it out of the band subspace.
In the approximate model of the intermediate valence state, 13 felectrons are localized on each Yb ion by the self-interaction correction, while the 14th f-electron is allowed to hybridize and form a band that is pinned at the Fermi level. The degree of filling of this band determines the effective Yb valence. If the filling is x, it implies that the wave function may be decomposed into a Yb f 14 component with weight x and an Yb f 13 
Hence, this band filling is directly comparable to the effective valence as derived from an experimental spectrum, which involves a superposition of components from either of the two Yb configurations, f 13 and f 14 , as is the case for the PFY and RXES experiments. The method has previously been applied to study the behavior of YbAl 3 20 and YbMn 2 Ge 2 17 under pressure, as well as to the pressure-induced isostructural phase transitions in the Yb chalcogenides. 27 The present implementation of the SIC-LCD method includes spin−orbit coupling and uses the linear muffin-tin orbital method 32 in the tight-binding formulation. 33 Further technical details of the implementation are explained by A. Svane. 22 3. RESULTS AND DISCUSSION 3.1. Effect of Pressure on Yb Valence. The PFY spectra for selected pressures up to 20 GPa are shown in Figure 1a . The divalent (E = 8.938 keV) and trivalent (E = 8.945 keV) contributions may easily be differentiated in the PFY spectrum collected at ambient pressure. The intensities of the divalent and trivalent peaks are estimated by fitting each PFY spectrum using multipeak fitting with Lorentzian function. The intensity contributions are then used to estimate the valence of Yb at each pressure. Energy resolution of the incoming beam is 2.2 eV. The spectrometer energy resolution is 0.7 eV. The corehole lifetime broadening from the Yb L 3 edge is ∼4.6 eV. The total broadening is ∼5.2 eV.
The PFY spectrum collected for a Yb 2 O 3 sample showing the trivalent valence contribution for Yb is also depicted for comparison. When the pressure was increased to 0.6 GPa, the intensity of the 2+ peak starts to decrease (Figure 1b) . A rapid reduction in the 2+ intensity is observed with further increase in pressure above 4 GPa. The average Yb valence obtained from both PFY and RXES experiments is plotted as a function of pressure (Figure 1c ). Valence obtained using theoretical simulation is shown in Figure 1d .
The RIXS spectra obtained for two different pressures (0.6 and 20 GPa) are shown in Figure 2 . Because of the strong Lα fluorescence accompanying the RIXS spectra, the analysis is complicated. We fitted the fluorescence in the background as described previously; 19 however, there exists a slight discrepancy between the estimated valence from PFY and RXES. The plot shows an increase in the Yb effective valence with pressure from v = 2.72(2) at ambient pressure to a nearly trivalent state v = 2.93(3) above 9 GPa. The similar pressure-induced valence transition seen in YbMn 2 Ge 2 20 is more abrupt, starting from v = 2.42 at ambient pressure, increasing steeply to v = 2.75 at p = 1.35 GPa and then evolving more steadily toward v = 2.95 above 15 GPa. Thus, if the YbMn 2 Ge 2 transition is considered a two-step process (a fast (dv/dp ≈ 0.25 GPa −1 ) and a slow (dv/ dp ≈ 0.014 GPa −1 ) valence transition, it appears as if YbFe 2 Ge 2 only exhibits the second, slower, valence transition with a valence transition rate of dv/dp ≈ 0.022 GPa −1 ).
To investigate the change in Yb valence theoretically, the total energy of YbFe 2 Ge 2 was calculated as a function of volume ( Figure 3 ) assuming a ferromagnetic arrangement of localized Yb moments and considering divalent, trivalent, or intermediate valent Yb configurations. The Fe atoms are found to develop itinerant moments of the same direction as the Yb magnetic moments, which are dominated by the orbital contribution (see Subsection 3.3). The experimental ambient values of the c/a lattice parameter ratio and the Ge internal coordinate were fixed during the volume variation. The lowest energy is found for the mixed-valent state, at the volume V 0t = 77.3 Å 3 . This is 4.5% below the experimental equilibrium volume of V 0e = 80.9 Å 3 and reflects the usual overbinding in the LSD approximation.
The effective Yb valence in the mixed valence state is depicted in the inset of Figure 1b as a function of pressure. The trend is a linearly increasing behavior with pressure, with an effective valence of v = 2.54 (2.51) at the theoretical (experimental) equilibrium volume. This should be compared to the Yb effective valence of v = 2.72(3) determined experimentally. The slope of the curve of the calculated effective valence is rather low, dv/dp = 1.9 × 10 −3 GPa −1 , in contrast to the rapid change observed in the experiments, which is roughly 10 times higher. From Figure 2 it is seen that the pure divalent and trivalent states of Yb lead to higher total energies at the volume corresponding to the minimum energy of the mixed valence calculation, but upon compression, the trivalent and mixed-valent states rapidly approach each other and are indistinguishable for volumes lower than 72 Å 3 . This implies that at this volume, corresponding to a compression of V/V 0t = 0.93 (V/V 0e = 0.89), the Yb valence tends to transform into the trivalent state. It is likely that the electronic structure of the Yb ion in YbFe 2 Ge 2 is extremely sensitive to temperature and that the direct quantitative comparison between the present experiments (conducted at T = 300 K) and theory (valid for T = 0) is not possible.
Crystal Structure at High Pressure and Equation of
State. The PV data at room temperature shown in Figure 4 for YbFe 2 Ge 2 were analyzed using a second-order Birch− Murnaghan equation of state (EOS). 34 The fitted EOS, shown as a solid line, matches well the experimental data. The bulk modulus (B 0 ) and its pressure derivative (B 0 ′) at ambient pressure obtained for YbFe 2 Ge 2 are B 0 = 161(2) GPa and B 0 ′ = 3.9 (2) . The corresponding results from the SIC-LSD theory are B 0 = 183 GPa and B 0 ′ = 5.1 in reasonable agreement. In the I4/ mmm tetragonal symmetry Yb atoms are located in the 2a (0, 0, 0) positions, Fe atoms are at 4d (0, 0.5, 0.25) positions, and Ge atoms are at 4e (0, 0, z) positions. 35 The internal coordinate z for Ge is 0.4121(4) at the lowest pressure 1.5 GPa. This is comparable to that of YbMn 2 Ge 2 , 17 for which z = 0.3924. The Rietveld refinement for the diffraction profile obtained at 8.5 GPa (near the critical pressure for the QCP) is also shown in Figure 3 . The z parameter of Ge at this pressure is found to be z = 0.3933 (6) . Upon compression only marginal changes are seen in the z-coordinate since the tetragonal symmetry is preserved up to 50 GPa. Also, no structural anomalies were observed throughout this pressure range. The fit to the EOS data for YbFe 2 Ge 2 showed a higher bulk modulus in comparison with YbMn 2 Ge 2 , for which B 0 = 86 GPa is found for the regular part of the compression curve above 1.3 GPa. 17 The higher bulk modulus observed for the Fe compound compared to the Mn compound is similar to the trend observed for the elemental solids; that is, bulk Mn is considerably softer than bulk Fe, and shows that a significant part of the bonding in the YbT 2 Ge 2 compounds stems from the transition metal atoms occupying the 4d sites of the ThCr 2 Si 2 structure. Bulk modulus values closer to that of YbFe 2 Ge 2 are reported for YbIr 2 Si 2 (190 GPa) 36 and YbRh 2 Si 2 (187 GPa). 37 On the basis of our high-pressure XES and XRD results we could further comment on the QCP in YbFe 2 Ge 2 . According to Miyake et al., 38 for valence-driven QCP, one would expect a notable volume collapse around the P c in the PV plot with an abrupt increase in valence. The PV data at T = 300 K show a gradual decrease of volume and an increase in Yb valence under pressure. Even though the volume decreases rapidly as a function of pressure below the QCP, there are no anomalies in the compressibility. The absence of any first-order transition around the critical pressure (9 GPa) suggests that the QCP in YbFe 2 Ge 2 may be of the conventional Hertz−Millis-type scenario. 3 However, since our experiments are only performed at T = 300 K, further experiments at low temperature are necessary to explore the nature of the quantum criticality in this system.
3.3. Magnetic Structure and Density of States Theoretical Analyses. In Figure 5 the calculated volume variation of the Fe and Yb magnetic moments are shown. The Fe spin moments align antiparallel to the Yb spin moments. However, the Yb orbital moment is also antiparallel to the Yb spin moment and numerically larger, so the total magnetic moments of Fe and Yb are parallel. The moments are projected along the crystalline c-axis, and the spin moments include a gfactor of 2. The Fe spin moments are rapidly quenched under compression. The orbital moment of Fe is not shown, but it is small, ∼0.02 μB at V exp and decreasing under compression. At ambient conditions the magnetic phase diagram is discussed previously. 8 To the best of our knowledge no experimental investigations on the pressure dependence of the magnetic properties of YbFe 2 Ge 2 have been reported. The electronic density of states is presented in Figure 6 .
The calculated electronic density of states of YbFe 2 Ge 2 is displayed in Figure 5 for the case of the intermediate valence scenario. The 13 localized Yb 4f states are situated ∼6 eV below the Fermi level with a splitting of 0.7 eV between the j = 5/2 and j = 7/2 components. Pinned to the Fermi level appears the 14th f-state as a narrow peak, which is partially occupied. The Fe d states dominate the region between 3 eV below and 2 eV above the Fermi level, with hybridization with Ge p and Yb s and d states, in particular, at lower energies. The Ge s states dominate the split-off bands at 10−8 eV below the Fermi level.
SUMMARY AND CONCLUSIONS
The pressure-induced effective valence change of Yb ions in YbFe 2 Ge 2 at room temperature has been measured with RXES and PFY techniques. The valence develops approximately linearly from an intermediate value of 2.72(2) at ambient pressure to close to trivalency at ∼10 GPa (around QCP, P c = 9 GPa). A few other Yb systems with the same ThCr 2 Si 2 -type structure compare well with the valence changes observed in YbFe 2 Ge 2 . In YbNi 2 Ge 2 and YbPd 2 Si 2 , 39 pressure-induced Yb valence transitions associated with QCPs (near 6 and 1 GPa, respectively) were observed with smoothly varying Yb valence toward near trivalency at pressures above 10 GPa. In both cases the Yb valence varies less than Δv = 0.01, which is significantly less variation than observed in the present work for YbFe 2 Ge 2 for the same pressure range. Interestingly, the effect of temperature on the effective Yb valence was also identified for YbNi 2 Ge 2 and found of the same order, that is, v = 2.86 at 18 K and v = 2.95 at 300 K. 40 The valence transition seen in YbMn 2 Ge 2 17 with pressure and at room temperature is even more drastic, as the Yb valence increases by ∼0.3 from ambient pressure to P = 1.35 GPa and only subsequently increases further at a similar pace to that of YbFe 2 Ge 2 up to near trivalency above 15 GPa. Clearly, more detailed temperature investigations for both YbFe 2 Ge 2 and YbMn 2 Ge 2 would be highly desirable.
SIC-LSD calculations have been performed and show increasing effective valence of Yb with compression in YbFe 2 Ge 2 , however, at a slower pace than measured and more similar to the pace measured for YbNi 2 Ge 2 and YbPd 2 Si 2 . The importance of Fe magnetism is confirmed by the calculations, which also show that the Fe spin moments are largely suppressed during compression in YbFe 2 Ge 2 near the QCP. More detailed magnetic measurements like Mossbauer and neutron scattering are required to shed further light on the magnetic ordering in YbFe 2 Ge 2 . On comparing the structural behavior of YbFe 2 Ge 2 with YbMn 2 Ge 2 17 under high pressure conditions, a distinct difference is that a structural change to a monoclinic crystal phase occurs in YbMn 2 Ge 2 above 30 GPa, while the current XRD results show that a pressure-induced structural change, if any, would occur only at pressures above 50 GPa for YbFe 2 Ge 2 .
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